protocol IntroDuctIon
Quadruplex structures are formed by guanosine-rich nucleic acid sequences. The guanine nucleobases assemble in so-called tetrads; within a quadruplex several (usually two or three) of such tetrads are stacked to form a compact, four-stranded structure (see Fig. 1a,b) . DNA quadruplexes have caught much attention, as they are suspected to have significant roles in modulating genetic processes, e.g., at the ends of chromosomes, the telomeres. In addition to the presence of four-stranded structures in telomeres, potential quadruplex-forming sequences have been found to be enriched in promoter and 5′-untranslated regions (UTRs) of certain classes of genes 1, 2 . The evidence for the formation of such structures in vivo is strong [3] [4] [5] [6] ; however direct proof of formation of a distinct nucleic acid conformation in a living cell turns out to be challenging. However, Schaffitzel et al. 7 were able to generate antibodies specific against folded G-quadruplexes and demonstrate that these antibodies co-localize with the telomeres in vivo. In a more direct approach, chemical probing with dimethyl sulphate (DMS) was used in vivo to identify a G-quadruplex in the c-myc promoter 8 . For this purpose, cells were incubated with DMS, which methylates nucleobases depending on the secondary structure they are involved in. After the isolation of nucleic acids methylation sites, they can be identified and conclusions concerning the secondary structure can be drawn.
Although many studies have dealt with the formation and consequences of DNA quadruplexes, little is known about the existence of four-stranded RNA sequences in vivo. RNA folds into equally stable quadruplex structures, preferring the all-parallel orientation of the participating strands (see Fig. 1b ) 9 . Contrary to duplex DNA, cellular RNA is generated as a single strand. With this respect the formation of non-duplex secondary structures should be favored because of the absence of competition with duplex formation. On the other hand, only a few studies have so far addressed quadruplex folding and its consequences in cellular RNAs. Kurreck and co-workers have recently demonstrated that a quadruplex motif from 5´-UTR of the human ZIC-1 gene reduced the expression of a reporter gene in mammalian cells by interfering with translation initiation 10 . Balasubramanian showed similar inhibition of gene expression mediated by an RNA quadruplex forming in the 5′-UTR of NRAS (neuroplastoma RAS viral oncogene homolog) using an in vitro transcription/translation assay 11 . In addition, it has been shown that RNA quadruplex formation is able to mediate the attenuation of a viral transcript 12 .
In order to detect quadruplex formation in bacteria, we have envisioned a strategy that connects the formation of a higher-order RNA structure to changes of a reporter gene expression 13 . For this purpose, the potential quadruplex-forming sequence is positioned at a site crucial for translational initiation (see Fig. 1c,d ). The correct positioning of the quadruplex-forming sequences is achieved by site directed mutagenesis, a versatile method to not only change single nucleotides but also to insert or replace longer stretches of nucleotides on a plasmid [13] [14] [15] [16] . In bacteria, the 16S rRNA as the main component of small ribosomal subunit interacts with a purine-rich stretch located ~10 nucleotides upstream of the AUG start codon 17, 18 . This sequence is termed ShineDalgarno (SD) and is a part of the ribosome-binding site (see Fig. 2a ). For efficient translation initiation the SD sequence needs to be single stranded. Hence, upon formation of a secondary structure involving the SD sequence, gene expression should be reduced because of an inefficient SSU/mRNA (small ribosomal subunit (SSU)/mRNA) interaction. Indeed, nature makes use of this possibility to modulate gene expression in certain temperature-responsive genetic regulators. These so-called RNA thermometers are characterized by RNA duplex structures involving the SD sequence that respond to increasing temperatures with increased expression 19 . In addition, many naturally occurring riboswitches are based on a ligand-dependent structural rearrangement of the SD sequence 20 .
In order to investigate the formation of a quadruplex structure of a given sequence, it needs to be incorporated into a reporter mRNA in a way that folding masks the SD sequence in a quadruplex loop, e.g., see Figure 2a ,b. It is important to keep the SD sequence constant if several sequences should be compared as shown in Figure 2 . The necessity to incorporate the SD purine stretch to the sequence of interest represents a limitation to the approach, as it brings certain sequence restrictions. On the other hand, using a series of different constructs as shown in Figure 2 allows for comparison of how different quadruplex features affect their in vivo stabilities. For example, it is known from thermal denaturation studies that short loops result in more stable DNA G-quadruplexes 21 the protocol presented here allows for the investigation of the formation of unusual nucleic acid structures in the 5′-untranslated region (utr) of bacteria by correlating gene expression levels to the in vitro stability of the respective structure. In particular, we describe the introduction of G-quadruplex forming sequences close to the ribosome-binding site (rBs) on the mrna of a reporter gene and the subsequent read-out of the expression levels. Insertion of a stable secondary structure results in the cloaking of rBs and eventually reduced gene expression levels. the structures and stability of the introduced sequences are further characterized by circular dichroism (cD) spectroscopy and thermal melting experiments. the extent of inhibition is then correlated to the stability of the respective quadruplex structure, allowing judgement of whether factors other than thermodynamic stability affect the formation of a given quadruplex sequence in vivo. 2 . Hence, a series of different quadruplex stabilities can be generated by combining both loop-length and number of stacked tetrads (see Fig. 2 ) 13 . By determining the influence on gene expression we found that the in vivo formation correlated well with the relative stabilities of the different quadruplexes, as determined by thermal denaturation 13 .
The quantification of thermodynamic stabilities of used quadruplexes is carried out by thermal denaturation experiments 22, 23 . In principle, both UV and circular dichroism (CD) detection of the thermally induced changes of the nucleic acid structures is possible. Our group prefers CD spectroscopy measurements 13, 24 , as quadruplexes can show hyper and hypochromicity in temperaturedependent UV spectra depending on the quadruplex conformation or used wavelength, whereas in CD spectra the loss of secondary structure always results in a decrease of the signal, best followed by a wavelength of 263 nm. However, thermal denaturation studies carried out by measuring change of UV absorbance at 295 nm works equally well, as shown by other groups 10, 11 .
Application of the presented protocol to the study of secondary structures other than quadruplexes should also be possible. In principle, every structure different from single-stranded RNA could be investigated in vivo using this procedure, as long as the folding of the structure efficiently masks the SD interaction and the restriction of incorporating the SD sequence can be studied. Naturally occurring systems involving duplex formation, such as riboswitches and RNA thermometers, have already been mentioned above. In addition, triplex and other higher order structures in addition to quadruplexes could be designed to render the ribosome-binding site inaccessible and hence could be studied using the presented protocol.
Experimental design
Overview of protocol stages (for an overview of the procedure see Fig. 3 ). The quadruplex forming sequences are cloned in the 5′-UTR of the bacterial reporter gene enhanced green fluorescent protein (eGFP) using site directed mutagenesis. In detail, the sequences that are to be incorporated into the 5′-UTR are attached 5′ of a primer pair sequence specific to the incorporation site. After amplification by PCR, the template plasmids without the incorporated sequences are removed by restriction enzyme digestion. Subsequently the PCR product is purified, ligated and eventually transformed into Escherichia coli. Successful cloning is validated by sequencing. The influence of the quadruplex-forming sequences on the reporter gene expression is monitored by measuring eGFP fluorescence levels of the outgrown E. coli cultures.
In addition to the experiments in E. coli the secondary structures of the quadruplex forming sequences are also characterized in vitro. In order to do this, synthetic RNAs with the corresponding sequences are ordered and their structural properties investigated by CD spectroscopy in combination with thermal denaturation studies.
Correlating the in vitro stability of RNA quadruplexes to the influence of the corresponding quadruplex-forming sequences on gene expression in bacteria allows judgement of whether factors other than thermodynamic stability affect the formation of a given quadruplex sequence in vivo.
Reporter gene vector (serves as PCR template).
In principle, all reporter gene constructs containing a strong SD sequence can be used as readout for the formation of quadruplex sequences.
We used eGPF as the reporter gene, as its readout is very simple and does not require any processing of the cells.
Choice of E. coli strain. If the reporter gene is under the control of a T7 promoter, then the E. coli strain used for expression studies must have a T7 RNA polymerase encoded (e.g., E. coli BL21 (DE3) gold). Otherwise, all standard laboratory E. coli strains can be used for expression studies.
PCR primers. Primers bind at 5′ and 3′ of the insertion site. The sequence that needs to be inserted is attached at 5′ to one or (in case of long insertion sequences) to both primers. If primers are longer than 50 nucleotides, then they should be high performance liquid chromatography (HPLC) purified before cloning, in order to avoid mutations in the final construct caused by incomplete primer synthesis. For successful ligation during cloning one primer needs to be ordered 5′-phosphorylated during synthesis.
For the insertion of our constructs (see Fig. 2a,b) , we used the following sequences with the introduced sequences underlined: construct primer name primer sequence
PCR Primers can be stored at − 20 °C for several months. protocol RNA oligonucleotides. The sequences inserted upstream of the reporter gene are subsequently characterized in vitro by CD experiments. Consequently, the ordered RNA oligonucleotides should contain the complete structural relevant sequence used for in vivo studies (see Fig. 2a , underlined sequences are used for in vitro studies). The RNA oligonucleotides should be ordered HPLC purified for higher purity. The integrity and purity of the RNA oligonucleotide should be verified by polyacrylamide gel electrophoresis (PAGE) before using. They should be stored at − 20 °C and can be kept for several months.
Thermal denaturation studies. In this protocol we describe thermal denaturation studies using CD melting experiments measuring the change of CD signal at 263 nm in dependence to temperature changes. However, if no CD spectrometer is available, it is also possible to determine thermal denaturation by measuring the absorption at 295 nm on a UV spectrometer.
Controls.
It is crucial to check if the observed changes of gene expression levels are due to the formation of a quadruplex or entirely due to the introduction of additional nucleotides into the 5′-UTR. In order to exclude the latter it is necessary to also clone some constructs that have the same number of introduced nucleotides, but are unable to form a quadruplex. This can be achieved by changing a central guanosine of a G-repeat to a thymidine, and therefore destroying its capability to form a quadruplex. Also, the control sequence lacking the ability to form quadruplex should also be ordered as an RNA oligonucleotide and equally characterized by CD spectroscopy like the other sequences.
The in vivo eGFP expression is determined by measuring the fluorescence of the outgrown E. coli culture. In order to subtract background fluorescence levels of the medium it is necessary to measure the fluorescence of an outgrown E. coli culture that was not transformed with any plasmid, and thus does not express eGFP. 7| Digest template by incubating the sample at 37 °C for 50 min.
MaterIals
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8|
Prepare 0.8% (wt/vol) TBE-agarose gel (see REAGENT SETUP). Wait for 15 min until the agarose has solidified, then put the gel in 0.5× TBE for 15 min. In vivo studies: cloning a G-quadruplex in the mRNA of an enhanced green fluorescent protein (eGFP). G-quadruplex is inserted site specific in the plasmid by a PCR using primers with the G-quadruplex sequence in a 5′-overhang (in red). Subsequent to PCR, the template is removed by DpnI digestion. After gel purification, the PCR product is ligated and transformed into Escherichia coli, where expression levels of the reporter gene can be determined. In vitro studies: The synthetic RNA oligonucleotides are refolded by heating followed by slowly cooling down. Subsequently the secondary structure of the oligonucleotide is characterized by measuring its circular dichroism (CD) spectrum and CD thermal denaturation. 
10|
Add 10 µl of 6× NEB agarose gel loading buffer to the sample and mix.
11|
Load sample on 0.8% (wt/vol) TBE-agarose gel (from Step 8) in a long well (~5 cm). Load 2.5 µl GeneRuler 1 kb DNA ladder, ready-to-use, in normal well (~0.5 cm).
12|
Run the agarose gel at 10 V cm − 1 (distance between the electrodes) for 75 min.
13| Allow DNA to be visualized in the agarose gel by placing the gel in ethidium bromide solution for 15 min. ! cautIon Ethidium bromide is toxic and mutagenic. Wear nitrile gloves all the time while working with ethidium bromide. ? trouBlesHootInG 14| Visualize DNA by observing the gel under UV light.  crItIcal step UV light (~236 nm) visualizes ethidium bromide bound to dsDNA. However, strong UV light also quickly degrades DNA. It is recommended to cut off a small part of the gel containing the DNA ladder and a small portion of the PCR product. Put this small part of the gel on a UV light table and cut out the DNA band in the appropriate size. Reunite the pieces of the agarose gel on a plastic tray and cut out the rest of the PCR product using the small gel piece as a size ruler (see Fig. 4 ).
As an alternative to the UV irradiation, the gel can be stained with SYBR Green and subsequently visualized by a blue lamp.
15|
Purify DNA from agarose using Zymoclean Gel DNA Recovery kit; add 3 volumes of ADB buffer and incubate at 55 °C until the agarose has dissolved. Load 750 µl of dissolved agarose on the provided column, centrifuge in table-top  crItIcal step Desalting the sample is very important for electroporation in order to avoid short-circuit. However, if performing a heat-shock transformation instead, purification of ligation mix might not be necessary.
20|
Thaw electro-competent E. coli BL21 (DE3) gold cells on ice.
21|
Chill electroporation cuvette on ice for 10 min. 
24|
Transfer the competent cells into a pre-chilled electroporation cuvette. Snap with finger against cuvette to remove possible air bubbles.
25|
Put cuvette into Electroporator and transform cells (as described in EQUIPMENT SETUP).
26|
Rinse the transformed cells out of the cuvette using 900 µl warm SOC medium and transfer to a 1.5 ml Eppendorf tube.
27|
Incubate transformed cells at 37 °C for 1 h.  crItIcal step If using ampicillin resistance, incubation is not necessary and cells can be plated immediately.
28|
Plate 100 µl transformed cells on a preheated LB-carbenicillin plate.
29| Incubate at 37 °C overnight.
30|
Use a sterile toothpick (or pipette tip) to pick a single colony in ~10 ml LB-carbenicilline medium. 
36|
Incubate at 37 °C on a plate incubator for at least 24 h.  crItIcal step eGFP maturation takes some hours. Although cells are outgrown eGFP fluorescence levels can still be rising over time. To achieve comparable results wait till eGFP level is not changing anymore (see Fig. 5 ).
37| Transfer (with a multi-channel pipette) 100 µl of culture into a black 96-well plate. 42| Aliquot the RNA sample into ten lots of 50 µl in PCR tubes.
43|
Start refolding of secondary structure by heating to 95 °C for 5 min followed by slow cool down to 20 °C (0.08 °C min − 1 ) in a PCR cycler.
44|
Transfer refolded RNA sample to a Quartz cuvette and close cuvette with a tight plug to prevent evaporation.
• tIMInG 1 h 45| Measure CD spectrum (as described in EQUIPMENT SETUP).
? trouBlesHootInG
• tIMInG 4 h 46| Measure CD melting curve (as described in EQUIPMENT SETUP).
47|
Calculate the melting point of secondary structure by determining the temperature at half-maximum decrease of the signal.
• 
antIcIpateD results
Insertion of stable G-quadruplex structures around the SD sequence should result in reduced gene expression levels (see Fig. 2c ). If no other (protein) factors are involved, the gene expression reduction should be inversely correlating with the thermodynamic stability of the inserted G-quadruplex. This should also apply to secondary structures other than G-quadruplexes.
Whether the investigated sequence forms a quadruplex should be investigated by CD spectroscopy. A CD spectrum for an RNA G-quadruplex shows a maximum at 263 nm and a minimum at 240 nm (see Fig. 2d inset) . RNA quadruplex sequences typically fold into parallel topologies exclusively. CD melting curves are usually recorded at a wavelength corresponding to the maximum or minimum of the CD spectrum (263 or 240 nm). Usually the CD signal decreases (if recorded at 263 nm) or increases (240 nm) in a temperature-dependent manner to 0 mdeg (see Fig. 2d ). The melting point corresponds to the halfmaximum of the decrease (increase) of the signal. However, it is not possible to obtain a CD melting curve of secondary struc- 
